Introduction
A coronal mass ejection CME is an eruption of coronal magnetic eld and plasma from the Sun into interplanetary space. CMEs can have a profound in uence on the interplanetary medium and the near-earth environment. The relationship between CMEs, ares, prominence eruptions, coronal and interplanetary shocks, and various kinds of radio bursts is complex and is an extremely active area of research. In white light as observed by a space-based coronagraph, for example CMEs typically show a three-part structure composed of a relatively fast, bright, leading arc of emission from material at coronal temperatures, followed by a dark cavity, and slower moving, dense, cool prominence material. In soft X-rays SXRs, eruptive morphologies have been identi ed with overlying CMEs, but no direct counterpart to the white light CME has been conclusively identi ed Hudson, Acton, and Freeland, 1996 . In this paper we i n vestigate the detectability of the radio counterpart to white-light CMEs via the thermal bremsstrahlung free-free radiation it emits. In particular, we consider detection schemes best suited to an imaging instrument operating at radio wavelengths. While Rodriguez 1996 has considered the idea of detecting CMEs using radar techniques in the 10-80 MHz range, such techniques probe the upper corona and rely upon the detection of the Doppler-shifted signal reected from the CME. In contrast, we consider direct detection of the radiation emitted by the CME, and by associated phenomena, at signi cantly higher radio frequencies.
Observations of CMEs at radio wavelengths offer several advantages over those in other wavelength regimes. Because there is no occulting disk, CMEs can in principle be imaged against the disk of the Sun, in a manner similar to SXR detections. However, radio observations of thermal plasma are sensitive to a broad range of temperature from chromospheric to coron a l b y virtue of the T ,1=2 dependence of the thermal free-free emissivity. SXRs are insensitive to subcoronal temperatures. Furthermore, unlike SXR and white-light observations, observations at radio wavelengths are sensitive to emission from nonthermal electrons. By observing CMEs against the disk, they can be detected early in their development and directly associated with structures such as active regions or lament channel arcades. If the emission is due to thermal freefree emission, the temperature and emission measure can be derived and compared with complementary soft X-ray and white-light observations. If the emission is due to gyrosynchrotron emission from nonthermal electrons entrained in the CME, the parameters of the nonthermal electron distribution function and the magnetic eld strength in the CME are derivable. In both cases, the CME velocity in the plane of the sky can be measured. Finally, radio observations can be carried out by ground-based instrumentation.
To e v aluate the feasibility of detecting radio emission from CMEs, we present some preliminary considerations in x2. In x3 w e describe the model telescope used to simulate various detection schemes and describe the brightness distributions used for both the model CME and the background Sun. In x4 w e describe the CME detection schemes considered. These are i direct detection, ii an approximate di erential scheme, and iii an exact" di erential scheme. We conclude in x5.
Preliminary Considerations
The direct detection of CMEs at radio wavelengths is largely unexplored territory. W e are aware of only two reports of such detections in the literature: that of Sheridan et al. 1978 with the Culgoora radioheliograph, and that of Gopalswamy and Kundu 1992 at the Clark Lake Radio Observatory. By what means can detections be made routinely and reliably? What sort of instrument is best suited for the task? Operating at what frequencies? To answer these questions, we rst discuss the radio emitting properties of CMEs and then discuss the nature of the instrument best suited for their detection.
Radio Emission from CMEs
Direct imaging of a white-light CME at radio wavelengths is possible by detecting the free-free emission from the thermal plasma entrained in the magnetic eld of the CME. That is, the leading bright arch, the dark cavity, and slow-moving prominence material are all detectable via an enhancement or, in the case of a cavity, a de cit of free-free emission. There are complicating factors, however.
A complex phenomenology is generally observed in radio waves during CME events. Gopalswamy and Kundu 1995 . These bursts may be more the result of an associated are than a result of the CME itself or of the coronal aftermath of a CME.
While these bursts are of considerable interest in their own right, they are a confounding in uence rather than a help, insofar as the problem of detecting thermal free-free emission from CMEs is concerned. First, as indicated above, their relationship to CMEs is complex. Second, type II and many t ype IV bursts are due to plasma radiation emitted at the fundamental or second harmonic of the plasma frequency pe = p e 2 n e =m e . Imaging a source of plasma radiation at a xed frequency yields an entirely di erent morphology from that of the underlying magnetic structure since the emission originates from regions where the electron number density i s s u c h that = pe or = 2 pe . This suggests that multifrequency imaging might elucidate the morphology of the overall magnetic structure by sampling a broad range of plasma frequency and therefore electron number density. We note, however, that plasma radiation requires the presence of a population of nonthermal electrons unstable to the production of Langmuir waves, a condition which m a y not be satis ed throughout the magnetic structure of interest. Finally, plasma radiation tends to be very bright, with brightness temperatures often exceeding 10 9 K at meter wavelengths. The brightness temperature of the CME itself is expected to be of order 10 4 , 10 5 K e.g., Sheridan et al. 1978 at meter wavelengths. An extremely high dynamic range is required to detect CMEs in the presence of type II and type IV bursts.
In addition to type II IV bursts, other metric bursts can occur. Type I storms, which are located in the corona above active regions and are also the result of plasma radiation, are common on frequencies 400 MHz. For frequencies between 200-300 MHz, they are present nearly 70 of the time at sunspot maximumP. Zlobec, private communication. During the impulsive phase of ares, metric type III and type V bursts are common, as are decimetric type III and certain type IV emissions e.g., Benz 1994 .
In addition to plasma radiation from these bursts, CMEs are sometimes accompanied by incoherent gyrosynchrotron radiation at both metric and microwave wavelengths, resulting from fast electrons trapped in closed magnetic loops in the corona. The required nonthermal electrons may be accelerated in an associated are, or may be generated by the CME or an associated shock w ave. It is known that even in the absence of ares CMEs may be accompanied by the accleration of both ions and electrons to high energies Kahler et al., 1986 . It is possible that a di use component of nonthermal gyrosynchrotron emission accompanies some or all CMEs during some part of their passage through the corona although the presence of such a component has not been reported. This component i s l i k ely to be brighter, and therefore easier to detect, than thermal bremsstrahlung emission from a CME.
Ideally, all emission associated with a CME should be studied simultaneously in order to elucidate the complex relationship between the CME, associated ares, lament eruptions, and associated radio emissions. Here, however, we direct our attention to the problem of detecting free-free radiation from CMEs and defer discussion of nonthermal gyrosynchrotron emission to x5. We n o w turn to the question of what frequency range is optimum for its detection.
2.2
Optimum Frequency Range for Detecting Free-Free Emission While the two reports of CME detections at radio wavelengths see x1 were made on frequencies below 100 MHz, low frequencies are not optimum for this purpose, in general, for a number of reasons. These include i inherently low spatial resolution due to the frequency dependence of the interferometric response of a given instrument, and due to scattering of the radiation in the corona itself e.g., McLean and Melrose 1985 ; ii the inability to see" to low heights in the corona due to re ection at the plasma layer and due to free-free absorption by o verlying plasma; iii the presence of bright metric burst emission as discussed above, that can mask emission associated with the CME itself.
Similarly, at frequencies greater than 2000 MHz, incoherent emission from an associated are can also mask the presence of a CME. Even in the absence of are-associated emission, the emission from the background Sun relative to the CME increases dramatically with frequency, making higher frequencies far less favorable for CME detection.
This last point deserves further explanation. The brightness temperature spectrum of thermal free-free emission from a CME with a given temperature and density can easily be calculated and compared with the quiet Sun spectrum against which it will be seen. The background quiet Sun spectrum is itself variable in time and position across the Sun, but an approximate spectrum can be used for the purpose of assessing the magnitude of the task before us. Figure 1 shows a CME free-free spectrum solid line labeled CME Spectrum" corresponding to the parameters of our simulation in x3. For comparison we also show the background quiet Sun spectrum near solar minimum solid line and symbols labeled Quiet Sun Spectrum". At frequencies above 1 GHz the open diamond symbols show the measured quiet Sun brightness temperature spectrum given by Zirin et al., 1991 , while the extension to lower frequencies represents the contribution from an isothermal corona with T = 2 :510 6 K and EM = 5 :410 25 cm ,5 . Both the quiet Sun and CME spectra shown by the solid line curves are modi ed at low frequencies in the manner shown by the dashed and dotted curves, respectively, due to refraction and re ection near the plasma layer. The dashed line is meant t o b e s c hematic only, but agrees quantitatively with other estimates. For example, the quiet Sun spectrum is observed to have a brightness temperature of 5 10 5 K at 327 MHz e.g., White , Thejappa and Kundu 1992 and should continue to decline at lower frequencies e.g., Wang , Schmahl and Kundu 1987 due to the density dependence of the two relevant c haracteristic frequencies, pe and =1 see Gary and Hurford 1989 . For comparison, we plot the range of brightness temperature measurements at a few relevant frequencies from Lantos 1980 and Wang, Schmahl and Kundu 1987 . The modi ed CME spectrum dotted line is expected to have a similar character but should fall more rapidly at lower frequencies than the quiet Sun spectrum due to its more abrupt density gradient at its outer edge. This is because the observed brightness depends on how m uch plasma lies outside the plasma layer, and is less for a steeper density gradient the CME than for a shallower one the corona.
From Fig. 1 we see that an isothermal corona at the same temperature as the CME lies about an order of magnitude higher in brightness than the CME in the decimetric range 300-3000 MHz. The quiet Sun spectrum falls less steeply than the CME spectrum above 3000 MHz, due to the e ect of the chromosphere. Thus, the contrast between the CME and the background quiet Sun emission will be about 1:10 in the range 200-2000 MHz, but may reach 1:10 3 by about 20 GHz.
Summarizing the discussion of this and the previous section, we nd that i the frequency range in which the e ects of are-associated gyrosynchrotron burst emission, and the emission from metric sources of types I, II, and IV are minimized lies in the decimetric range, i.e., 300-3000 MHz; ii the decimetric frequency range o ers a good compromise between eld of view and spatial resolution for a 3 m antenna, the eld of view varies between 2 20 deg while a baseline of 1.5 km yields an angular resolution which v aries between 14 00 and 2:2 0 ; and iii the decimetric frequency range is su ciently high that emission from very low in the corona is detectable without undue absorption or scattering. True, this frequency range is still susceptible to decimetric type III and type IV bursts. However, unlike t ype II IV radio bursts at meter wavelengths, these emissions are largely con ned to the time of the impulsive phase of an associated are Benz 1994 and are unlikely to persist through most of the development of a CME. While type I storms may be present throughout a CME event a t l o w frequencies, they are not common above 400MHz .
Given an instrument with su cient frequency agility, type I storms and other relatively narrowband emission extraneous to the CME can be avoided x2.3.
We also note that the decimetric frequency range is susceptible to terrestrial sources of radio-frequency interference RFI. For example, the 1000-1200 MHz range is used for aeronautical navigation; the 800-1000 MHz range is rapidly lling up with signals from cellular communications, UHF broadcasting, and other xed and mobile systems. Some means of avoiding or excising frequencies in which local RFI is present is necessary to image weak emission of the kind we discuss here.
Instrument Type
In view of the above considerations the instrumental requirements for detecting CMEs at radio wavelengths are as follows:
1. An imaging capability, in order to i resolve the CME from extraneous background emissions on the Sun, ii image the basic structure of a CME, iii enable meaningful velocity measurements to be made. 2. Frequency agility, so that the optimum frequency range can be identi ed as needed from event-toevent in order to i avoid extraneous solar emissions, ii avoid sources of terrestrial RFI, iii exploit frequency synthesis see below. 3. A eld of view of a few degrees in order to see events to several solar radii. 4. Time resolution su cient to resolve CME motion.
These considerations lead us to choose an interferometric array designed to perform Fourier synthesis imaging. Fourier synthesis imaging is a well-developed technique at radio wavelengths wherein many relatively small antennas are deployed in an array. The ensemble of interferometer baselines produced by all unique pairings of antennas is used to measure the Fourier transform of the radio brightness distribution of the source of interest, referred to as the visibility function. The distribution of radio brightness on the sky is recovered by F ourier inversion of the visibility data. Because only a nite numb e r o f a n tennas is available in a given array, the visibility function is incompletely sampled, in general, and the maps resulting from Fourier inversion therefore contain sidelobes. Deconvolution of the instrumental point-spread function is therefore required to remove sidelobes. Fourier synthesis mapping is employed by such telescopes as the Very Large Array Thompson Thompson The number and con guration of antennas employed in such an array is a complex optimization problem. A two-dimensional array of a large number of small antennas is desirable in order to obtain the best possible image quality. On the other hand, the minimum possible number that achieves this goal is desired in order to keep costs low. Other considerations include frequency coverage, frequency agility, and temporal resolution. A general purpose solar-dedicated array, operating in the frequency range of approximately 300 MHz to 26.5 GHz is currently under consideration see Bastian and Gary 1997 . Its purpose is to study a wide range of solar phenomena, including ares, lament eruptions, and CMEs, as well as a host of quiet Sun phenomena such as active regions, the quiet chromosphere and corona, and coronal holes. It is within the context of this instrument that we wish to consider the problem of CME detection, in part to determine how the CME detection problem might drive the instrument design.
The current strawman" design of the Solar Radio
Telescope SRT calls for 40 antennas with diameters of 2-3 m and two or three large antennas which will be used to calibrate the small antennas by referencing them to cosmic ux standards. The instrument will provide an imaging capability b e t ween 300 MHz and 26.5 GHz with a spectral resolution of a few percent. Depending on the details of the observing program, imaging spectroscopy could be performed over a broad frequency band on a timescale as short as 1 s.
The model array con guration used for both direct and approximate di erential detection schemes. 12 antennas are distributed with an exponentially increasing baseline distribution along each arm.
3 Simulation of a Model Instrument and Data 3.1
Array Con guration
In choosing the antenna locations, we assume that frequency synthesis techniques Bastian 1989 will be employed by the SRT. Frequency synthesis refers to a variant of aperture synthesis where several discrete frequencies are sampled over some bandwidth in order to improve sampling in the Fourier domain Conway, Cornwell and Wilkenson 1990 and therefore reduce sidelobe levels. In addition, we assume that many short antenna spacings are needed for good surface brightness sensitivity while at the same time the requirement for an angular resolution of order 40 00 = 9 requires maximum baselines of 1.5 km, where 9 is the frequency in GHz.
We consider a 37-element array Figure 2 . The array has 3 linear arms arranged in an inverted Y" 120 between arms, 12 elements in each arm, plus one in the middle. The distance between antennas along each arm is initially given by d = ab n where n = 0 ; : : : ; 11, b = 1 :5, and a = 3 m. This exponential, or self-similar, spacing is chosen so that when frequency synthesis techniques are employed, sampling over a bandwidth ratio of 1.5 allows complete spatial sampling in the radial direction out to the maximum baseline length. The site latitude of the model instrument w as chosen to be = 3 5 . In order to obtain a circular instrumental point spread function when the Sun is at zero declination, the north-south spatial components of the antenna locations have been divided by cos ; i.e., the array has been stretched NS by a factor 1= cos 1:22. The resulting length of the east and west arms is roughly 818 m while the north arm is 942 m long. The maximum baseline lengths are about 1.5 km, yielding an instrumental resolution of roughly 84 00 at 500 MHz = 6 0 cm, 28 00 at 1.5 GHz = 20 cm, and 2:8 00 at 15 GHz = 2 cm. Many other antenna con gurations are possible, of course. A study to identify an optimum con guration will be needed once all science objectives have been clearly identi ed.
Source M o dels
We wish to detect thermal free-free emission from CMEs in the decimetric wavelength range in the presence of bright and complex emission on the solar disk. The emission from CMEs is extremely optically thin, as indicated in Figure 1|their brightness temperature is expected to be of order T B 10 2 , 10 5 K in the decimetric range. The brightness temperature on the solar disk varies considerably depending on the frequency and the type of activity present. For the purposes of these simulations, we assume that are-associated non-thermal emissions have been largely excluded at the time and frequency or frequencies in question. We can then assume that the brightness temperature of the disk ranges from chromospheric transition region values 10 4 , 10 5 K to coronal values few10 6 K. Hence, a snapshot dynamic range of a few 10 1 , 10 3 cf. Fig. 1 will be needed to detect CMEs in the decimeter wavelength range.
It is important to use fairly realistic source models, at least insofar as confusing sources of emission are concerned. Experience has shown that confusion noise" can severely limit the dynamic range of Fourier synthesis maps of the Sun Bastian 1989 . Confusion noise is due to the presence of uncleanable sidelobe clutter in the map, due to inadequate uv coverage and or time variability of the source. For transient phenomena one must rely upon the instantaneous uv coverage snapshot" coverage of the array. F or radio bursts, this is not a problem because they are typically far brighter than the background; confusion noise is therefore low. But for faint transient phenomena, confusion noise will be a major problem, and it is primarily this issue which we address with the present simulations.
3.2.1
The Background Brightness Distribution
The background radio brightness distribution was simulated by using two full-disk Yohkoh SXT images obtained on 21 Feb. 1992 at 2:33:46 and 2:59:22 UT. These images correspond to a long duration event studied by Tsuneta et al. 1992 , an event which w as accompanied by a t ype II radio burst and may represent the SXR counterpart of a CME blowing out higher up in the corona Hudson, private communication; see also Tsuneta 1996 . By using two separate Yohkoh images, we include intrinsic variations in solar features that may have little to do with the CME itself e.g., solar rotation and variations within active regions. Assuming a constant temperature of 2.5 MK for the SXR-emitting plasma, the images were converted to maps of the column emission measure. Assuming the radio emission is due solely to thermal bremsstrahlung emission from the SXR-emitting plasma, the SXT maps of emission measure are easily converted to frequency-dependent maps of optical depth which are, in turn, converted to maps of the radio ux at selected frequencies. A background disk was added to each map; the contribution of the background was estimated using the simple twocomponent model of Zirin et al. 1991 . Each map was convolved with a gaussian with a width which v aried as 2 to simulate the e ects of coronal scattering. The FWHM of the convolving gaussian at 1 GHz was 60 00 . In reality, the solar corona is not isothermal. The coronal plasma is multithermal and is described by a di erential emission measure which v aries as a function of line of sight. The e ect of the presence of multitemperature plasma along the line of sight is to reduce the radio brightness temperature somewhat at decimeter wavelengths e.g., Gary and Klimchuk 1996 , Vourlidas and Bastian 1996 , and reference therein compared to that expected for a hot, isothermal plasma. While a more realistic model of the plasma would lead to quantitative di erences, we believe the model brightness distributions are su cient for the determining the circumstances under which CMEs may be detected.
3.2.2
The CME For rough consistency with the eruptive e v ent identi ed in the SXT images on 21 Feb 1992, we h a ve i n troduced a model CME at a solar elongation of 2 R , displaced radially from the eruptive e v ent seen in soft X-rays. We note that CMEs may also originate in sources over the limb, in which case early changes in the radio brightness distribution would be occulted by the limb. We discuss the detection of CMEs against the solar disk in x4.4. The CME model is unrealistic to the extent that it is modeled as a simple hemisphere of nite thickness about 20 of the radius. Real CMEs would show far more structure e.g., bright legs and a tendency to show the three part structure described in x1. Nevertheless, we believe the model CME is approximately the right scale and contrast, and is therefore su cient to test various detection schemes. The electron number density i s assumed to be constant throughout the shell. The den- sity is determined by the total mass of the CME. For the examples we discuss here, we assume a total mass of 10 16 gm, which give s a n umber density o f a f e w 10 7 cm ,3 in the shell. A map of the column emission measure of the shell was computed, converted to ux units and added to the model of the Sun based on the SXT image at 02:33:46 UT. This model is referred to as the early" CME.
To simulate source expansion, we expanded the CME in a self-similar fashion by 20. The volume of the shell increased by 1 :2 3 73. The number density decreased by a corresponding amount, but the column length increased by 20, so the column emission measure changes by 1 :2=1:2 6 , 60, as does the optical depth, the brightness, and therefore the ux. The normalized, expanded loop was again added to the model Sun, this time based on the SXT image obtained at 02:59:22 UT. We refer to this model as the late" CME. The two model brightness distributions and their di erence are shown in Figure 3 . Note that in the di erence images there is substantial residual brightness present. This is dominated by the presence of the SXR eruptive event t o ward the NE but there is a contribution due to solar rotation during the course of the 25 min between images.
Creation of Model Data Bases
Model data bases were constructed for the strawman array con guration described above. A model brightness distribution at a given frequency was Fourier transformed. The transform was then sampled degridded" on the uv points corresponding to a frequency of interest at a time corresponding to local noon at the array site. The procedure was repeated for six frequencies between 600 1200 MHz. The results were combined into two multi-frequency data bases, one for the early CME and one for the late CME. From these data bases, we then computed snapshot maps at each discrete frequency and frequency-synthesis maps from the combination of frequencies. The instrument response function the dirty beam was then deconvolved from the model brightness distributions as we n o w describe.
CME Detection Schemes

Direct Detection
The most straightforward exercise is to see whether the model CME can be detected through direct snapshot imaging at a single frequency, o r b y means of frequency synthesis see, e.g., Bastian 1989 . A complication is that no joint spatial spectral deconvolution algorithm is available at present although such techniques may be available in the near future Komm, Gary and Hurford, 1996 . In lieu of a joint deconvolution algorithm we h a ve mapped the source and deconvolved the instrument response function at discrete frequencies. The deconvolved maps are then averaged. Note that frequency synthesis through a linear combination of maps di ers from a joint spatial spectral deconvolution, which is inherently nonlinear.
The maps were deconvolved using the Clark implementation of the H ogbom CLEAN algorithm. We used 2000 iterations with a loop gain of 0.1 in all cases. The same CLEAN box w as used in all cases. The rms residual was computed for the clean map which w as then used to normalize the map. The resulting maps therefore show t wo-dimensional distributions of brightness expressed in terms of the signal-to-noise SNR ratio. Note that the CLEAN box did not include the CME itself. We nd that the CME is not detected by this scheme SNR 3 , neither in maps at discrete frequencies nor in the linear frequency synthesis see . This technique has been employed in the analysis of microwave bursts observed by the VLA as a means of removing the pre-are background. The scheme has worked well for bursts with a duration of 10s of seconds observed by the VLA, because the change in array geometry is small over this duration. However, the error made by subtracting visibility V u 1 ; v 1 from V u 2 ; v 2 increases as t 2 , t 1 increases. We therefore investigate whether such a subtraction will work over the longer times over which CMEs evolve, possibly 10s of minutes. To test the approximate di erential detection scheme we v ector-subtracted visibilities of the early CME" from those of the late CME" for time di erences in array geometry of 5, 10, 20, and 30 min. Note that the actual di erence in time between the two SXR images used in the models is about 25 min. The amount of solar variability b e t ween two successive snapshots is therefore exaggerated for time di erences less than 25 min. Dirty maps and beams were made as described above and deconvolved using identical parameters. The results are plotted as contours of SNR in Figure 4 . The residuals are much better than those resulting from direct imaging, and now the CME can be seen. As noted above, the CLEAN box did not include the CME. Sidelobes due to the CME were therefore not CLEANed from the maps and the rms residual is somewhat higher as a result. The CME is seen for all values of t 2 , t 1 considered but with a SNR which decreases with increasing t 2 , t 1 due to the changing array geometry, as expected. As we approach time di erences of 20-30 min, the CME is no longer readily detected at discrete frequencies above 800 MHz not shown in the gure. In the average map it can be seen, although the significance of detection is less than 10 . Since we used a fairly large mass 10 16 gm for our model CME, this is of some concern because we w ould like to detect CMEs less massive than the model CME crudely simulated here.
In Figure 5 we plot the rms residual in units of brightness temperature for the clean maps shown in Fig. 4 . The dot-dash line represents the rms residual brightness T B resulting from the direct detection scheme while the asterisks represent T B resulting from approximate di erential detection for the four time differences considered 5, 10, 20, and 30 min. Owing to the fact that the residual brightness on the disk is exaggerated for model time di erences of 5, 10, and 20 min due to the xed 25 min di erence of the background model, the dependence of T B on t 2 ,t 1 is not entirely accurate. However, the trend is qualitatively correct and it is obvious that the minimum residual is achieved when t 2 , t 1 = 0 or, equivalently, when the uv coverage, and therefore the array geometry, at time t 2 is identical to that at time t 1 . This suggests a third approach: an exact di erential detection scheme using a redundant array.
A T emporally Redundant Array
An exact di erential scheme requires the uv coverage at time t 1 to be identical to that at time t 2 , yielding an identical instrumental point spread function B at both times. One can then form D = B ? I 2 , I 1 .
In this case, the convolution relation between the point spread function and the di erence image is exact and deconvolution of B from I 2 , I 1 can be performed in the usual way. A temporally redundant array, i.e., one that yields the same uv coverage as the rst array after a time t 2 ,t 1 , is easily con gured. The details are given in the Appendix. For the present simulations, two cases are considered. In the rst case, a redundant 37-element array is con gured which is delayed by 15 min relative t o the primary array i.e., t 2 , t 1 = 15 min. The primary and redundant arrays continue to share the central element, so the net size of the instrument i s 3 7 + 3 6 = 7 3 antennas. We also investigate a second case which uses a total of 37 elements, but is con gured in two arrays of 19 elements each. The temporally redundant array i s again delayed by 15 min relative to the primary array. Both are shown in Figure 6 .
Not surprisingly, the temporally redundant s c heme yields the lowest residuals Figure 7 . Note that the residual is largely independent of the time di erence, and of source hour angle and declination. In this sense, temporally redundant s c hemes are best suited for the detection of CMEs. Although the residual of the 37-element case Figure 6 ; diamond symbol is only slightly higher than the 73-element case square symbol, it would be premature to conclude that the 37-element case is the preferred arrangement since its impact on other elements of the science program of such an instrument has not been considered in detail direct imaging of the quiet Sun, active regions, ares, etc.. It may b e that the optimum solution will involve a primary array Figure 6 : The two con gurations using a redundant array. a A 37-element primary array and a 37-element redundant array; b a 19-element primary array and a 19-element redundant array. The primary and redundant elements are plotted with di erent symbols in each panel. The placement o f a n tennas in the redundant array is discussed in the Appendix.
used to address most of the science, and one or more redundant arrays, involving fewer antennas, which w ould be used to address the detection of CMEs and other faint transient phenomena. 4.4 Detection of CMEs Against the Solar Disk Thus far, we h a ve considered a model CME con guration viewed o the solar limb and nd that its thermal emission could be detected using a di erential detection scheme. Can the same be said for a CME viewed against the disk of the Sun?
To the extent that the simple model of the o -limb CME represents a real CME, the answer is a quali ed yes". That is, the change in ux density in the solar corona due to the presence of an expanding CME of the scale and density considered in previous sections can be detected against the solar disk, albeit with lower e ective SNR than the o -limb case. The reason is that the Sun's radio brightness distribution changes over time due to solar rotation and intrinsic source variability. While a di erential detection scheme eliminates source emission which v aries on a timescale longer than the di erencing interval t 2 , t 1 , it cannot eliminate variations which occur on a shorter timescale. The detection of an o -limb CME is limited only by the presence of instrumental sidelobes due to residual emission in the di erence map; i.e., confusion noise. We showed in x4.3 that confusion noise is greatly suppressed by deconvolution of the instrumental response function from the di erence image in an approximate or exact di erencing scheme. In the case of a CME viewed against the disk, however, its detection is limited by both confusion noise and the spatial variation of the residual emission. The latter may be comparable to or exceed the di erence emission resulting from the CME. This is certainly the case for the model brightness shown in Figure 3 , which is based on SXT images taken during a major restructuring of the corona which is itself believed to be related to the launch of a CME. In general, therefore, it will be di cult to identify thermal emission from a CME against the disk in a single di erence map. However, we w ould like to point out that an additional tool will be available to assist in their detection in practice: source motion. A time sequence of di erence maps will be continuously available. The temporally coherent nature of the disturbance should be readily apparent e v en when the residual emission is too great to see the CME unambiguously in a single di erence image.
Discussion and Conclusion
On the basis of simulations described in previous sections, we conclude that the thermal bremsstrahlung emission from CMEs o the limb of the Sun can be detected by a F ourier synthesis radio telescope operating within a suitable range of decimetric wavelengths provided approximate or exact di erential detection schemes are employed. The detection of thermal emission from CMEs viewed against the disk is a more di cult problem because they must be viewed against residual emission due to solar rotation and intrinsic source variability. H o wever, the residual emission should change rather slowly over successive di erence maps and the presence and motion of some CMEs may therefore be seen even in low-SNR regimes.
In some respects the model we used presents a more di cult imaging problem than we might expect to encounter in practice. For example:
1 For the background solar brightness distribution we used SXT images that correspond to a major restructuring of the corona. In a more typical pair of SXT images, there would be fewer changes due primarily to solar rotation and localized spatial evolution.
2 We used a perfectly smooth CME, with uniform electron density. F or a given mass, a real CME would have a less uniform distribution of electron density, and since the free-free emission is weighted by the square of the density the brightness of parts of the CME could be much greater than in our model. 3 We considered only free-free emission from the thermal plasma within the CME. We brie y mention the possible in uence of nonthermal electrons entrained in the CME. The relevant emission mechanism, as discussed above, is nonthermal gyrosynchrotron emission, due to electrons spiralling in the magnetic eld of the CME. The parameters relevant to the emission are the magnetic eld strength, B, the column density of energetic electrons with energy greater than 10 keV, NLfor line of sight distance L, and a measure of the electron distribution, such a s p o wer-law index if the distribution is a power law in energy. Figure 8 compares the gyrosynchrotron brightness temperature spectrum with the thermal spectrum shaded gray for various ranges of these parameters. We take as a central set of parameters a column number density, NL= 1 0 13 cm ,2 about 10 ,5 of the column density of thermal electrons, a magnetic eld strength B = 2 G, and powerlaw index = 5 . In the left-most panel of Figure 8 , the gyrosynchrotron spectrum for these parameters is plotted labeled 2G, along with other spectra showing the e ect of raising the B eld to 5 G, or lowering it to 1 G. In the center panel, the e ect of changing the power-law index to = 3 o r 7 i s s h o wn, and in the right-most panel the e ect of changing NLby a factor of 10 in each direction is shown. It is clear from these spectra that even a relatively small numb e r o f n o n thermal electrons can greatly increase the brightness of the CME, with a corresponding enhancement in our ability to image the CME. In conclusion, this work has shown that it is possible, with a properly designed radio instrument, to directly image CMEs in the radio regime. The range of CME masses accessible to direct imaging depends on many factors, however: whether the CME is seen against the solar disk or o the limb, whether approximate or exact di erential detection techniques are employed, and the details of the array con guration. We h a ve addressed what we regard as the most di cult imaging problem, that of thermal free-free emission in the presence of confusing residual emission on the solar disk. In practice we believe CMEs will be more easily detected because the background residual will generally not be as great as that assumed here, and because nonthermal gyrosynchrotron emission from fast electrons entrained in the CME may make a signi cant contribution. We point out that the instrument design required to image CMEs is at the same time able to image a wide variety o f a ssociated phenomena pre-event energy build-up, arerelated burst emission, lament prominence eruption over a broad range of radio frequencies to place the CME event in a broader context.
Appendix
Consider a Cartesian coordinate system such that the X axis points to h = 0 ; = 0, Y points to h = ,6 h ; = 0, and Z points to = 9 0 , where h is the hour angle and is the source declination. Now consider two a n tennas i and j at positions x i ; y i ; z i and x j ; y j ; z j . The coordinate di erence between them is We're interested in nding another antenna pair located in such a w ay that at a time t + H, its baseline components match those of the rst antenna pair at time t exactly. In other words, we w ant a second uv point which follows the rst along its elliptical track, delayed by a time H. The following coordinate transformation satis es this requirement: The redundant array is then located on coordinates which are both delayed and mirrored relative to the rst array. An important issue is determining the optimum value for H, or whether multiple values of H should be supported. The stations of the redundant array are rotated out of the plane of the rst array about the NS axis by an amount which increases with H and the distance of the station from the array center. For the exampled considered here, the outlying stations in the EW arms must be displaced vertically by 35 m. This suggests that the site topography will be an important consideration for any designs involving redundant arrays.
